ABSTRACT
Through the use of pharmacological and molecular strategies, the identities of the nicotinic acetylcholine receptor (nAChR) subtypes that modulate different behaviors and physiological measures are being revealed. However, little is known with respect to how naturally occurring genetic variability in the genes that encode the members of the neuronal nAChR family contribute to phenotypic diversity in humans and research organisms. Because behavior, physiology and disease susceptibility in humans and other species are influenced to some extent by genetic factors and nAChRs contribute to a wide range of phenotypes, it is likely that polymorphisms in the genes that encode the nAChR subunit family contribute to phenotypic variability among individuals in a population. Over the past decade, data have accumulated that support the premise that naturally occurring nAChR subunit gene variability contributes to phenotypic diversity in both humans and mice. In this review, current evidence for the role of variability in the genes that encode the two major brain-expressed alpha subunits, alpha4 and alpha7, in modulating behavior, physiology and disease risk in both humans and mice will be discussed.
INTRODUCTION
Neuronal nicotinic receptors (nAChRs) are pentameric ligand-gated cationic channels that are distributed throughout the central and peripheral nervous systems. Recent reports also indicate that nAChRs are expressed in non-neuronal cells (1) . Due to their widespread distribution, nAChRs likely contribute to a wide range of normal and pathological behavioral and physiological conditions. Neuronal nAChRs are comprised of an unknown number of combinations of the subunits alpha2-10 (alpha8 is only found in avian species) and beta2-beta4 (2) . The predominant nAChR subtypes in brain are thought to be alpha4beta2* and homomeric alpha7 whereas the major nAChR subtype in the periphery is likely alpha3beta4*. Through the use of pharmacological tools and genetically engineered mice, the influence of individual nAChR subtypes on behavior, physiology and pathology is slowly being revealed. For example, using the alpha4beta2* selective antagonist dihydro-betaerythroidine, Corrigall et al and others provided evidence that the reinforcing properties of nicotine are mediated, in part, by alpha4beta2* nAChRs (3) (4) (5) (6) . Further support for a role of alpha4beta2* nAChRs in modulating the reinforcing properties of nicotine has come from genetically engineered mice. Picciotto et al. and Grabus et al. utilized nAChR beta2 subunit null mutant mice to demonstrate that the nAChR beta2 subunit is required for nicotine selfadministration and nicotine conditioned place preference, respectively (7, 8) . Using a mouse engineered to express a nAChR alpha4 subunit that is hypersensitive to activation by agonists, Tapper et al. also reported that activation of nAChRs containing the alpha4 subunit is sufficient for nicotine reward (9) . The sum of these data has provided convincing evidence that alpha4beta2* nAChRs are critical for nicotine reinforcement.
Despite the fact that we are beginning to gain an appreciation of which nAChR subtypes modulate different behaviors and physiological measures, we still know little with respect to how naturally occurring genetic variability in the genes that encode the members of the neuronal nAChR family influence individual differences in behavior, physiology and susceptibility to disease. Since virtually all behaviors, physiological traits and pathologies are influenced to some extent by genetic factors and nAChRs contribute to a wide range of phenotypes, it is likely that polymorphisms in the genes that encode the nAChR subunit family contribute to individual differences in behavior, physiology and disease susceptibility. Over the past decade, data have accumulated that support the premise that naturally occurring nAChR subunit gene variability contributes to phenotypic diversity in both humans and mice. In this review, current evidence for the role of variability in the genes that encode the two major brain-expressed alpha subunits, alpha4 and alpha7, in modulating behavior, physiology and disease risk in both humans and mice will be discussed.
CHRNA4/Chrna4

CHRNA4/Chrna4 basics
The gene that encodes the nAChR alpha4 subunit (CHRNA4 in humans, Chrna4 in mice) is located on chromosome 20q13.2-q13.3 in humans and chromosome 2 at 108 cM in mice. Two splice variants of alpha4, termed alpha4-1 and alpha4-2 have been reported by Connolly et al (10) . The alternatively spliced products exhibit altered sensitivity to allosteric modulation by steroids (11) . CHRNA4/Chrna4 contains 6 known coding exons. Exon 6 is alternatively spliced to generate the alpha4-1 and alpha4-2 products.
Human studies 3.2.1. CHRNA4 polymorphisms
The first reported polymorphism in any nAChR subunit gene was a CfoI restriction fragment length polymorphism (RFLP) located in exon 5 of CHRNA4 (12) ( Table 1) . Today, there are 33 verified single nucleotide polymorphisms (SNPs) listed in the SNP database (http://www.ncbi.nlm.nih.gov/SNP) for CHRNA4 which includes 6 synonymous (non-amino acid altering) exonic and 27 intronic SNPs. In addition, 3 non-synonymous SNPs (S248F, S252L and T265I) and one trinucleotide insertion (L259ins) have been reported for CHRNA4 (13) (14) (15) (16) .
CHRNA4 and epilepsy
The first evidence that genetic variability in a nAChR subunit gene contributed to phenotypic variability in the human population was provided by Steinlein et al. (13) . This group discovered that a non-synonymous SNP in CHRNA4, which led to a serine to phenylalanine substitution at amino acid position 248 (S248F), was linked to autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) in a large Australian pedigree. CHRNA4 was the first gene identified that underlies an inherited idiopathic partial epilepsy. Since this initial discovery, three additional CHRNA4 mutants (two non-synonymous and one insertional mutation) have been linked to ADNFLE (17) . Although it has been known for some time that overstimulation of the nicotinic cholinergic system by high dose nicotine leads to seizure activity, linkage of CHRNA4 mutations to ADNFLE provided the first evidence of the involvement of the nicotinic cholinergic system in the etiology of human epilepsy (18) . Interestingly, each of the CHRNA4 mutants leads to a change in the amino acid sequence within the ion channel-forming second transmembrane domain of the subunit. Not surprisingly, each of the CHRNA4 ADNFLE mutants affects nAChR function. However, inconsistencies exist in the literature with respect to how each of the mutations affects nAChR function. As a consequence, there is debate regarding the mechanism through which the CHRNA4 mutations lead to ADNFLE (19) . However, based on data from mice engineered to express either the S248F or 259insL Chrna4 mutations, Klaassen et al. suggest that the mechanism underlying ADNFLE seizures may involve inhibitory synchronization of cortical networks (20). The potential role of genetic variability in CHRNA4 in contributing to other seizure phenotypes comes from studies by Steinlein et al. and Chou et al (21, 22) . These groups reported that synonymous SNPs within CHRNA4 are associated with idiopathic generalized epilepsies and febrile convulsions, respectively.
CHRNA4 and attention
Parasuraman et al and Greenwood et al recently reported that a synonymous SNP, rs1044396 (referred to as NS = non-synonymous polymorphism; S = synonymous polymorphism; ADNFLE = autosomal dominant nocturnal frontal lobe epilepsy C1545T in these manuscripts), located in exon 5 of CHRNA4 is associated with individual differences in performance of a visuospatial attention task (23, 24) . In both reports, visuospatial task performance increased as the number of "C" alleles of the CHRNA4 SNP increased. Espeseth et al also described an interaction between CHRNA4 C1545T genotype and alleles of the apolipoprotein epsilon  gene, APOE, in the modulation of visuospatial attention (25) . Adults carrying the APOE-4 allele, which has been associated with increased risk for late-onset alzheimer's disease, exhibited a more profound reduction in visuospatial attention if they also were homozygous for the "T" allele of CHRNA4 (26) . This gene-gene interaction was seen in middle aged adults but not older adults indicating an age by genotype interaction. Kent et al, however, did not detect a significant association between the C1545T CHRNA4 SNP and susceptibility to attention deficit hyperactivity disorder (ADHD) although Todd et al reported that an intronic SNP (intron 2) in CHRNA4 is associated with severe inattention in ADHD subjects (27, 28) . Thus, variability in CHRNA4 may not be a risk factor for ADHD but may contribute to the attentional deficits in individuals with ADHD. The observation that genetic variability in CHRNA4 may lead to individual differences in attention is consistent with reports that the administration of agonists that are presumed to be selective for alpha4beta2* type nAChRs improves performance on attentional tasks in rodents, primates and humans (29-32).
CHRNA4 and Alzheimer's disease
Several reports have implicated CHRNA4 polymorphisms in susceptibility to Alzheimer's disease (AD). Kawamata and Shimohama reported that three SNPs in CHRNA4 (two synonymous and one intronic SNP), were associated with AD while Vasto et al found that the "T" allele of a synonymous SNP in exon 5 (referred to as 594 C/T (rs2229960)) was significantly increased in Alzheimer's patients relative to controls in two cohorts (33, 34) . Among Alzheimer's patients, CHRNA4 exon 5 SNPs were more prevalent among individuals who expressed higher levels of markers of oxidative DNA damage (35). However, not all studies have supported CHRNA4 variability as a risk factors for AD. Namely, Cook et al did not find a significant association between two exon 5 SNPs (C1545T and 145 -55 G/A (rs2273502)) and AD (36) . This divergent finding might be due to the fact that only late onset alzheimer's (onset ≥ age 65) patients were included in the Cook et al study while the other studies did not exclude individuals diagnosed with the disease who were under 65. Another possible explanation is that the influence of CHRNA4 allelic variants on Alzheimer's risk is dependent upon or influenced by population-based genetic differences. The sample pool for the Cook et al. study was Australian while the other studies included subjects of Japanese, Italian, or Polish descent (33-36).
CHRNA4 and nicotine dependence
Feng et al. reported that two CHRNA4 SNPs, rs1044396 and rs1044397 are significantly associated with three separate measures of nicotine dependence (Fagerström test for nicotine dependence (FTND), Revised Tolerance questionnaire (RTQ) and nicotine addiction (a dichotomous variable based upon FTND scores)) in Chinese male subjects (37) . In addition, this group also found that a CHRNA4 haplotype based upon six SNPs was associated with nicotine dependence. In both the individual SNP and haplotype analyses, the less common genotype/haplotype was associated with reduced liability for nicotine dependence. A study by Li et al also provided evidence for the involvement of genetic variability in CHRNA4 in influencing individual differences in nicotine dependence in American subjects of African or European descent (38) . However, their results were more complex. Whether a particular CHRNA4 SNP was associated with nicotine dependence was contingent upon the phenotypic measure, ethnicity and gender of the subjects. For example, one SNP (rs2236196) was associated with all three indices of nicotine dependence examined (smoking quantity (SQ), heaviness of smoking index (HSI) and FTND) in African American women, another SNP (rs2273504) was associated with one measure of nicotine dependence (FTND) in both African American and European American women, a third SNP (rs3787137) was associated with one measure of nicotine dependence (SQ) in European American men and a fourth SNP (rs1044396) was associated with one measure of nicotine dependence (SQ) in the pooled European American sample. Recently, Hutchison et al. reported that two CHRNA4 SNPs, rs6122429 and rs2236196 were significantly associated with subjective responses to smoking (39) . One of the SNPs (rs2236196) also was associated with smoking cessation outcome. Moreover, in vitro analysis of these SNPs indicated that they are functional. The SNP rs6122429, which is located in the promoter of CHRNA4 differentially affected the binding of transcription factors and also altered promoter activity as measured by a luciferase reporter assay. Although the influence of CHRNA4 genotype on nicotine dependence appears to be dependent upon several factors including gender, ethnicity and measure of nicotine dependence, the potential involvement of CHRNA4 variants in influencing individual variability in liability to nicotine dependence is consistent with both pharmacological and genetic studies in rodents that indicate that alpha4beta2 nAChRs are involved in the reinforcing properties of nicotine (3-9).
CHRNA4 and alcoholism.
Studies have shown that a low level of response to alcohol early in an individual's drinking career is a strong predictor of the risk for developing alcoholism (40) . The first evidence that CHRNA4 may contribute to individual differences in susceptibility to alcoholism was provided by Schuckit et al who reported that a genetic marker, D20S94 (now referred to as D20S443), near CHRNA4 on human chromosome 20q13, is linked to low responsiveness to alcohol (41) . The observation by Kim et al. that the CfoI polymorphism in CHRNA4 is associated with alcoholism in Korean subjects supports this possibility (42) . Interestingly, it is well established that smoking prevalence among alcoholics is significantly greater than in the population as a whole (43) . In addition, both smoking and alcoholism are strongly influenced by genetic factors and there appears to be some overlap in the genetics of smoking and alcoholism (44-46). Since CHRNA4 is associated with both nicotine dependence and alcoholism, it may be a common genetic link between these two behaviors.
Mouse studies 3.3.1. Chrna4 polymorphisms in mice
According to the mouse SNP database, there are 154 verified SNPs in Chrna4 including three that are nonsynonymous, seven that are synonymous, sixty-one located in the 3' UTR and sixteen that are immediately upstream. The majority of these SNPs occur between the common laboratory strain C57BL/6 (the strain used for the mouse genome project) and wild-derived mouse strains. However, one of the three non-synonymous SNPs is well represented among commonly used inbred mouse strains (47) (48) (49) . This non-synonymous SNP leads to a threonine to alanine substitution at amino acid position 529 (T529A) in the mouse nAChR alpha4 subunit. This variation is located within the large intracellular loop between transmembrane domains three and four in a region of the loop that is relatively highly conserved across species. A mouse strain also has been described that has a 300 kb deletion on chromosome 2 that encompasses Chrna4 and other genes (50,51).
Chrna4 behavior in mice
The first evidence that genetic variability in Chrna4 may contribute to individual differences in behavior in mice came from a study by Stitzel et al (51) . This group reported that a RFLP in Chrna4 is associated with sensitivity to nicotine-induced seizures in a panel of recombinant inbred mouse strains derived from Long Sleep (LS) and Short Sleep (SS) selected lines. A subsequent study demonstrated that this RFLP was in high linkage disequilibrium with the non-synonymous T529A SNP (52) . This same study also reported that the Chrna4 polymorphism as defined by either the RFLP or T529A SNP is significantly associated with several additional responses to nicotine including the effect of nicotine on respiration rate, acoustic startle response, locomotor activity and body temperature. A preliminary report also suggested that the T529A polymorphism might influence cognition (53) . In this study, mice possessing the A529 allele of Chrna4 required a significantly greater number of days to learn to associate the auditory cue with a reward than those carrying the T529 allele.
Recently, Butt et al and Li et al reported that the T529A SNP is linked to individual differences in oral nicotine consumption (54, 55) . Both the Butt et al and Li et al studies reported that mouse strains that express the T529 variant of alpha4 consume more nicotine than do mice that express the A529 variant. A previous study by Tritto et al. also reported that mice homozygous for the T529 allele consumed more nicotine by choice than did A529 homozygotes although the difference was not statistically significant (56) . Nonetheless, all studies that have examined the relationship between Chrna4 genotype and nicotine consumption have found that the T529 allele is consistently associated with higher nicotine consumption. Using mice carrying a null mutation for Chrnb2, the gene that encodes the nAChR beta2 subunit, Butt et al. also demonstrated that the relationship between Chrna4 genotype and nicotine consumption is dependent upon the presence of the nAChR beta2 subunit (54) . The beta2 subunit combines with the alpha4 subunit to form the most abundant nAChR in brain. In the absence of the β2 subunit there is no measurable function from alpha4 nAChRs (57) . The fact that the loss of alpha4beta2 function leads to a loss in the linkage between Chrna4 T529A genotype and nicotine consumption provides strong evidence that the linkage between Chrna4 genotype and nicotine consumption is due to genetic variability in Chrna4 and not a gene linked to Chrna4. reported that the A529 allele was linked to increased alcohol consumption. Moreover, the linkage between Chrna4 genotype and alcohol consumption did not require the presence of the beta2 subunit. The observation that the relationship between Chrna4 genotype and alcohol consumption did not require the presence of the beta2 subunit suggests that either a nAChR subtype containing alpha4 but not beta2 (alpha4beta4?) or a gene linked to Chrna4 is responsible for the relationship between the T529A polymorphism and alcohol consumption. This result may explain why the relationship between Chrna4 genotype and ethanol consumption varied between the studies. Each group used mice of different genetic backgrounds. Therefore, the opposite relationships observed between Chrna4 genotype and ethanol consumption across studies could be due to strain specific differences in an allele or alleles of a gene or genes that are linked to Chrna4.
Using the same basic strategy of combining mouse strains that are polymorphic for the T529A variants of Chrna4 with beta2 subunit null mutant mice, Butt et al demonstrated that withdrawal from alcohol is influenced by the Chrna4 variants in mice (58) . Mice homozygous for the A529 allele of Chrna4 were more sensitive to handling induced convulsions during alcohol withdrawal than were animals homozygous for the T529 allele of the gene. This effect of Chrna4 genotype was not observed in beta2 null mutant mice. Additional support for the potential role of Chrna4 variability in modulating individual differences in sensitivity to the effects of alcohol was provided by a study by Owens et al (59) . Using the LS x SS recombinant inbred strains, Owens et al found that mice homozygous for the A529 allele of Chrna4 were significantly more sensitive to the depressant effects of ethanol on the acoustic startle response than were mice homozygous for the T529 allele of the gene.
Chrna4 and nAChR function in mice
An initial report suggested that variability in Chrna4 influences the function of alpha4beta2* nAChRs in thalamic synaptosomes prepared from two mouse lines (LS and SS) that differ in T529A genotype (60) . In a follow-up study, Dobelis et al. compared nicotine-stimulated 86 Rb + efflux from synaptosomes prepared from eight brain regions (cerebral cortex, thalamus, hippocampus, striatum, hindbrain, midbrain, septum, and hypothalamus) isolated from fourteen mouse strains, eight that possess the T529 allele of Chrna4 and six strains that carry the A529 allele of the gene (47) . In every brain region evaluated, mean nicotine-stimulated 86 Rb + efflux was greater in the A529 allele strains relative to the T529 allele strains. This study also reported that Chrna4 T529A genotype did not influence the expression of alpha4beta2* nAChRs. Consistent with this observation, Gahring et al used immunohistochemical methods to show that Chrna4 genotype is not associated with the neuroanatomical distribution or expression of the alpha4 subunit in brain across seven strains of mice (48) . These combined data suggest that the influence of Chrna4 genotype on nicotinestimulated 86 Rb + efflux is the result of an effect on receptor function, not receptor expression. In support of this possibility, Kim et al reported that the T529A polymorphism influences function but not expression of mouse alpha4beta2 nAChRs heterologously expressed in HEK293T cells (49) . According to Kim et al, the T529A polymorphism affects the ratio nAChRs that exhibit low and high sensitivity to activation by nicotine. The majority of T529 alpha4beta2 nAChRs appear to exhibit high sensitivity to activation while the majority of A529 alpha4beta2 nAChRs occur as a population with low sensitivity to activation by nicotine. If the functional in vitro data on the T529A variants of alpha4 nAChRs are indicative of in vivo function, then genetic variability that alters the ratio of high to low sensitivity alpha4beta2 nAChRs may lead to individual differences in sensitivity to nicotine. The T529A Chrna4 polymorphism not only appears to affect the function of alpha4beta2* nAChRs, it also may influence the ability of this nAChR subtype to be potentiated by ethanol. Butt et al observed that ethanol potentiation of nicotine-stimulated 86 Rb + efflux from synaptosomal alpha4beta2* nAChRs occurs in synaptosomes prepared from mouse strains expressing the A529 variant of the alpha4 subunit but not in synaptosomes prepared from alpha4 T529 expressing strains (61) . This genotype-dependent potentiation provides a potential explanation for the linkage of T529A genotype and alcohol withdrawal; mouse strains that express the allelic variant of Chrna4 that is associated with ethanol potentiation of alpha4beta2* nAChR function exhibit more severe ethanol withdrawal symptoms than do strains that possess the alpha4 variant that is not associated with ethanol potentiation. Nonetheless, the mechanism through which the polymorphism affects receptor function and potentiation by ethanol remains unknown.
CHRNA7/Chrna7.
CHRNA7/Chrna7 basics
The gene that encodes the nAChR alpha7 subunit (CHRNA7 in humans, Chrna7 in mice) is located on chromosome 15q14 in humans and chromosome 7 at 30 cM in mice. In humans, there also is a partial duplication of CHRNA7 which includes exons 5-10 of CHRNA7 and exons A-E of a novel gene from the family with sequence similarity 7 (FAM7A). This duplication is termed CHRFAM7A and is located on chromosome 15q13.1. Currently, there is no evidence that this hybrid between CHRNA7 and FAM7A forms a functional protein. A similar duplication has not been found among other species. CHRNA7/Chrna7 contains 10 known coding exons. Several putative splice variants of alpha7 have been described in humans although their function has not been evaluated (62) . Three splice variants have been identified for alpha7 in non-human mammals. Two of the splice variants (isolated from bovine adrenal chromaffin cells and mouse brain) do not form functional receptors when expressed alone but do act as dominant-negatives when coexpressed with normal alpha7 in vitro (63, 64) . The third splice variant (isolated from rat brain) does form a functional receptor with properties that are distinct from the normal alpha7 nAChR (65).
Human studies. 4.2.1. CHRNA7 polymorphisms
For the purposes of this review, only polymorphisms in CHRNA7 will be discussed as the functional relevance of the partially duplicated CHRFAM7A is not known and an equivalent partial duplication does not exist in mice or other species (Table  2) . Two hundred and thirty-three verified SNPs currently are listed in the SNP database for CHRNA7. All of the SNPs listed in the database are intronic. However, Leonard et al. have reported twelve polymorphisms in the minimal promoter region of CHRNA7 in an ethnically mixed sample of control and schizophrenic subjects (66) . Nine of these polymorphisms are SNPs, two are single nucleotide deletions/insertions and one is a six base pair insertion/deletion. Gault et al also identified three nonsynonymous and seven synonymous SNPs in Chrna7 in a similar sample (62) . Recently, Tsuneki et al reported a non-synonymous SNP in a Japanese sample that leads to a glycine/serine variation at amino acid position 423 (G423S) (67) . Based upon in vitro analysis, the G423S variants of alpha7 differ in protein kinase C-dependent, agonistinduced receptor desensitization.
CHRNA7, auditory gating and schizophrenia
The first evidence that genetic variability in CHRNA7 may contribute to schizophrenia came from a study by Freedman et al (68) . This group demonstrated that a polymorphic marker within CHRNA7 (D15S1360) was linked to an auditory gating deficit that is common among schizophrenic patients and their first degree relatives. Subsequently, a large number of studies have been reported that have assessed the association between the region of chromosome 15 that contains CHRNA7 (15q13-14), auditory gating deficits and schizophrenia. Although the results are mixed, a majority of the studies show a positive relationship between this region of the genome with gating deficits and schizophrenia (69) . Moreover, Leonard et al described several SNPs in the proximal promoter of CHRNA7 and found that schizophrenic patients had a significantly greater frequency of promoter SNPs than did control subjects (70) . Functional analysis of the CHRNA7 promoter SNPs indicated that of the eight CHRNA7 promoter SNPs tested, six led to reduced promoter activity while the remaining two had no effect. The observation that schizophrenic patients had a significantly greater number of promoter activityreducing SNPs than did the controls is consistent with the finding that schizophrenic patients have reduced levels of expression of alpha7 nAChRs (71). Houy et al also reported an association between one of the CHRNA7 promoter activity-reducing SNPs and auditory gating (72) . However, this group observed that the CHRNA7 promoter SNP was associated with protection from the auditory gating deficit.
CHRNA7 and smoking
Smoking among schizophrenics is substantially greater than in the general population (73) . Although the reason for this high rate of smoking among schizophrenics is not completely understood, it may serve as a form of self-medication to normalize some of the neurophysiological deficits common among schizophrenics or to reduce side effects of common anti-psychotic medications (74) . The potential role of CHRNA7 in smoking among schizophrenics was assessed by De Luca et al and Faraone et al (75, 76) . Both of these groups found evidence that smoking status among schizophrenic patients is associated with genetic variability in CHRNA7. However, Stassen et al did not find an association between CHRNA7 genotype and smoking among healthy controls (77) . Therefore, the influence of genetic variability in CHRNA7 on smoking may be influenced by whether an individual has a neuropsychiatric disorder.
CHRNA7 and epilepsy
At least two studies have found linkage between CHRNA7 and idiopathic epilepsy. Elmslie et al reported that among the families they studied, the majority had a major susceptibility locus for juvenile myoclonic epilepsy located at chromosome 15q14, which contains CHRNA7 (78) . In addition, Neubauer et al found linkage between the same region of chromosome 15 and rolandic epilepsy (79) . Neither of these studies used polymorphic markers specific to CHRNA7. In addition, these types of epilepsy, like all idiopathic epilepsies, are heterogeneous and likely due to a wide range of causes. Nonetheless, these studies indicate that CHRNA7 should be considered as a candidate gene for these forms of idiopathic epilepsy.
Mouse studies. 4.3.1. Chrna7 polymorphisms
The first evidence of genetic variability in Chrna7 in mice was reported by Nagavarapu and Boyd (80) . This group identified a Sac I RFLP in Chrna7 across several inbred mouse strains. Additional Chrna7 RFLPs in mice were described by Stitzel et al (81) . According to the most recent SNP database, there are 292 verified SNPS in Chrna7. This includes four 3' UTR SNPs and 2 synonymous SNPs. The remaining SNPs are in intronic regions. Mexal et al also has reported that there are fourteen SNPs in an approximately 1000 bp region immediately upstream of the Chrna7 translation start site (82).
Chrna7 polymorphisms and behavior
Several studies suggested that geneticallydetermined differences in the expression of alpha7 nAChRs contributed to individual differences in sensitivity to nicotine. For example, Miner et al reported that alpha7 expression, as measured by [
125 I] α-bungarotoxin (αBTX), correlated with sensitivity to nicotine-induced seizures in a classic genetic cross between the inbred mouse strains C3H and DBA/2 and across 19 different inbred mouse strains (83, 84) . In addition, Stevens et al found that mouse strain variations in hippocampal αBTX binding were correlated with strain differences in inhibitory auditory gating (85) . In 1996, Stitzel et al reported that polymorphisms in Chrna7 between the inbred mouse strains C3H and DBA/2 are linked to individual differences in the levels of αBTX binding in mouse brain (81) . Subsequently, this group reported that the variant alleles of Chrna7 are linked to individual differences in sensitivity to the seizure-inducing effects of nicotine in a C3H x DBA/2 F2 intercross (86) . This was the first study to demonstrate that genetic variability in a nAChR subunit gene might contribute to individual differences in sensitivity to nicotine. More recently, a preliminary report by Stevens et al found that the allelic variants of Chrna7 contribute to individual differences in auditory gating (87) . In this study, Stevens used congenic strains in which the C3H allele of Chrna7 was introgressed onto a DBA/2 genetic background and the DBA/2 Chrna7 allele was introgressed onto a C3H genetic background. In short, Stevens et al found that auditory gating phenotype was dependent upon Chrna7 genotype and not genetic background. Moreover, the effect of genotype on auditory gating was dominant. For example, mice that were either heterozygous or homozygous for the DBA/2 allele of Chrna7 exhibited significantly reduced auditory gating relative to animals homozygous for the C3H allele regardless of whether the genetic background was C3H or DBA/2. These findings convincingly demonstrate that genetic variability in Chrna7 or at the least, a gene linked to Chrna7, contributes to individual differences in auditory gating.
Chrna7 polymorphisms and alpha7 expression
Polymorphisms that empirically might be predicted to affect the function of alpha7 nAChRs have not been found. However, the allelic variants of Chrna7 do appear to have a considerable impact on the expression, neuroanatomical distribution and developmental profile of alpha7 nAChRs. Studies have shown that C3H and DBA/2 mice differ in the expression and neuroanatomical distribution of αBTX binding sites (83, 88) . As mentioned previously, Stitzel et al reported that Chrna7 polymorphisms are linked to alpha7 expression levels in mouse brain in an F2 cross derived from C3H and DBA/2 parents. Using the C3H Chrna7 congenic mouse strain described above, Adams et al also determined that the alleles of Chrna7 are linked to mouse strain differences in the neuroanatomical distribution of alpha7 nAChRs in the hippocampus of adult animals (88) . Despite the fact that the congenic animals were greater than 95% C3H genetically, the neuroanatomical distribution of αBTX binding sites depended upon Chrna7 genotype; animals homozygous for the DBA/2 allele of Chrna7 possessed the DBA/2 distribution pattern of alpha7 nAChRs while animals homozygous for the C3H allele exhibited the C3H distribution of alpha7 nAChRs. Recently, Adams et al used the C3H and DBA/2 congenic lines to demonstrate that the embryonic development of alpha7 nAChR expression is dependent upon Chrna7 genotype (89) . Again, the developmental profile of alpha7 expression was dependent upon Chrna7 genotype but not genetic background; embryos that were homozygous for the DBA/2 allele displayed the DBA/2 developmental pattern regardless of genetic background and mice homozygous for the C3H allele of Chrna7 presented with the C3H developmental pattern regardless of genetic background.
Recently, Mexal et al. characterized 947 bp
Chrna7 proximal promoter fragments that contain 14 SNPs between from C3H and DBA/2 mice (82). Initial analysis indicated that the fragment derived from C3H had greater promoter activity than did the fragment from DBA/2. Through a series of experiments, Mexal et al. were able to demonstrate that two SNPs located at 491 and 583 bp upstream of the Chrna7 initiation codon were responsible for the difference in Chrna7 promoter activity between the two strain-derived fragments. Both SNPs may introduce binding sites for the transcription factor c-myb in the DBA/2 allele of Chrna7. The data from the mouse studies is consistent with human studies in that the strain (DBA/2 mice) with reduced αBTX binding and poor auditory gating is the strain with polymorphisms that reduce Chrna7 promoter activity.
DISCUSSION
This review has described the potential role of genetic variability in the human and mouse CHRNA4/Chrna4 and CHRNA7/Chrna7 nAChR subunit genes in influencing individual differences in behavior and susceptibility to disease. However, polymorphisms in virtually all nAChR subunit genes in both humans and mice have been linked to behavioral traits or disease risk. Nonetheless, CHRNA4/Chrna4 and CHRNA7/Chrna7 are the focus of this review for two reasons. First, these genes encode the most abundant alpha subunits expressed in the brain, the alpha4 and alpha7 subunits. Second, there is considerably more published data on polymorphisms in these genes in both humans and mice than for any of the other nAChR subunit genes. Therefore, these two genes allow for a cross-species comparison of the role of genetic variability in nAChR subunit genes in influencing behavior, physiology and pathology. Perhaps the most striking aspect of the studies on genetic variability in CHRNA4/Chrna4 and CHRNA7/Chrna7 is the observation that similar phenotypes appear to be influenced by polymorphisms in these genes in both humans and mice. For example, in humans, genetic variability in CHRNA4 is associated with epilepsy, attentional aspects of cognition, nicotine dependence and alcoholism. Similarly in mice, polymorphisms in Chrna4 are associated with nicotineinduced seizures, learning, nicotine consumption, alcohol preference, and withdrawal from alcohol. Likewise, CHRNA7 is associated with an auditory gating deficit, levels of alpha7 nAChR expression and two forms of epilepsy in humans while Chrna7 is linked to an auditory gating deficit, levels of alpha7 nAChR expression and nicotine-induced seizures in mice. Moreover, SNPs in the human CHRNA7 promoter that lead to reduced promoter activity are associated with reduced auditory gating and SNPs in the mouse Chrna7 promoter that result in reduced promoter activity are from a mouse strain with a deficit in auditory gating.
Also noteworthy is the fact that the cross-species similarities in genotype-phenotype relationships are observed despite the fact that there are no common polymorphisms in CHRNA4/Chrna4 and CHRNA7/Chrna7 between humans and mice. This suggests that polymorphisms within a gene need not be the same across species to elicit a common phenotypic effect. For example, none of the SNPs in CHRNA4 that are associated with nicotine dependence, attention or alcoholism in humans affect the amino acid sequence of CHRNA4. In contrast, a functional non-synonymous SNP in mouse Chrna4 is associated with nicotine consumption, cognition and alcohol-related phenotypes. One potential explanation as to why the human and mouse SNPs affect the same phenotypes is that the net effect of the polymorphisms is the same. Perhaps the CHRNA4 SNPs alter the expression level of alpha4 nAChRs to an extent that there is a net change in response of the affected neurons to agonist. This change in response could be similar to the difference in function observed in the mouse variants of alpha4. However, what effect, if any, the non-coding CHRNA4 SNPs have on alpha4 nAChR expression in human brain has not been determined.
Genetic studies in humans are restricted to polymorphisms present in the population of interest. As described in this review, naturally occurring genetic variability in the mouse also can be used as a genetic tool to assess the role of genetic variability on phenotypic diversity. However, various other genetic approaches can be exploited in the mouse to evaluate genotype-phenotype relationships. For example, molecular manipulation of genes, such as knock-out, knock-in or transgenic overexpression can be used to assess the role of a gene in regulating a phenotype in mice. In addition, chemical induction of mutations can be used to produce novel gain or loss of function alleles of a gene. Each of these genetic approaches has strengths and weaknesses. Recent reviews have discussed the pros and cons of genetically engineered mice and chemical mutagenesis (90, 91) . Some of the strengths and weaknesses of using naturally occurring genetic variation as a genetic tool to understand the genetics of behavior, physiology and disease will be discussed below.
Advantages of using naturally occurring polymorphisms in mice to understand the genetics of behavior, physiology and disease
The most obvious advantage of studying naturally occurring genetic variation in mice is that it will lead to a better understanding of how genetic variability contributes to trait variance in a natural population. Most behavioral and physiological traits in natural populations likely are influenced by many genes of modest or small effect. However, mutations in genetically engineered mice are typically designed with the intention of having a robust effect on phenotypic measures: knockout strategies completely eliminate a gene product and knock-in strategies often lead to the expression of a protein product with substantially altered function. Of course, these types of mutations are made for practical reasons. If the time and funds are going to be invested in making such a mouse, then it is only reasonable to manipulate a gene in such a way as to provide the best chance of seeing an effect. Moreover, studies with genetically engineered mice generally are geared towards asking the question: is the gene of interest necessary for or contribute to a phenotype or phenotypes of interest? In contrast, investigations into the role of naturally occurring genetic variability in modulating behavior and physiology typically address the question: does existing variation in a gene or genes of interest influence individual phenotypic differences in the population. Although studies with genetically engineered mice no doubt are essential for the identification of genes that contribute to a phenotype, the magnitude of the effect of the introduced mutations on gene expression or function is rarely seen in natural populations. For example, the knockin mouse used by Tapper et al to demonstrate that alpha4 nAChRs play a role in nicotine reinforcement, carry a mutant allele of Chrna4 that is 20 times more sensitive to activation by nicotine than wild-type nAChRs (9) . In contrast, the naturally occurring T529A variants of mouse alpha4 nAChRs only differ about two fold in sensitivity to activation by nicotine (49) . Consequently, despite the fact that genetically engineered mice provide invaluable information as to which genes might contribute to phenotypic differences in natural population, only studies that examine naturally occurring genetic variation will lead to the identification of the types of genetic variants that contribute to phenotypic diversity in a population. Because genetic influences on behavior, physiology and disease susceptibility in humans is a result of naturally occurring genetic variants, understanding how such variants in an animal model contribute to phenotypic variation in a population should provide insight into the human condition.
Another benefit of studying naturally occurring genetic variations is that this approach likely will lead to the discovery of new functional domains in gene products and novel molecular mechanisms through which gene expression in regulated. For example, the T529A variant of mouse Chrna4 occurs in a region of the alpha4 subunit not previously known to influence nAChR function. Yet in vitro data demonstrated that the polymorphism does affect the function of alpha4beta2 nAChRs by altering the ratio of alpha4beta2 nAChRs that exhibit high sensitivity to activation by nicotine. Several studies had previously demonstrated that heterologously expressed alpha4beta2 nAChRs exist as two populations with low or high sensitivity to activation by agonists (49, (92) (93) (94) (95) . However, the study by Kim et al was the first to identify a region in an nAChR subunit that regulates the intrinsic ratio of high and low sensitivity alpha4beta2 nAChRs (49) . These results along with the behavioral data linking Chrna4 genotype to several measures of nicotine sensitivity provided the first evidence that genetic variation that alters the ratio of high to low sensitivity alpha4beta2* nAChRs may lead to individual differences in sensitivity to the effects of nicotine. Therefore, understanding the molecular mechanism responsible for the effect of the T529A polymorphism on receptor function may lead to new insights into the biological underpinnings of nicotine sensitivity.
A third advantage of the study of naturally occurring polymorphisms is that such studies can provide data that implicate a gene of interest in modulating a phenotype that previously was not thought to be influenced by the gene. The best example of this is ADNFLE. Prior to the linkage of human chromosome 20q13 to ADNFLE, the nicotinic cholinergic system was not typically considered to be a major contributor to epilepsy phenotypes. However, after the initial discovery that a mutation in CHRNA4 was the likely cause of ADNFLE in an Australian pedigree, several subsequent studies have provided evidence ADNFLE in other family pedigrees are due to mutations in CHRNA4 as well as in CHRNB2, the gene that encodes the nAChR beta2 subunit. Moreover, recent data support the possibility that genetic variability in CHRNA2, which encodes the nAChR alpha2 subunit, is responsible for a sleep-related familial idiopathic epilepsy (96) . Furthermore, CHRNA7 is a candidate for juvenile myoclonic epilepsy and rolandic epilepsy (78,79).
Disadvantages of using naturally occurring polymorphisms to understand the genetics of behavior, physiology and disease.
The major disadvantage of using the natural variant approach to studying genetics is that it is exceedingly difficult to prove cause-effect relationships between a specific polymorphism or polymorphisms and a phenotype. This is due to the fact that several polymorphisms, including ones that have not been identified, are in linkage disequilibrium (co-segregate) with the "marker" polymorphism. Since the polymorphism may have some value as a predictive marker of disease risk this may not be viewed entirely as a disadvantage. However, from a mechanistic point of view, it remains a drawback. This disadvantage also exists with both knockout and knockin mice (97) . Any engineered gene that arose from homologous recombination in embryonic stem cells will be flanked by genetic material from the ES cell line. Therefore, if the mouse strain from which the ES cell line was derived possesses different alleles in this flanking DNA relative to the background strain onto which the genetic mutant was bred, then it is possible that any effect of the engineered mutation is actually due to a gene linked to the mutation. For example, Bolivar et el reported that differences in open field activity between an IL10 knockout mouse on a C57BL/6 background and C57BL/6 inbred mice is due to a gene linked to the null IL10 allele, not the null allele (98) . Due to the presence of ES cell line-linked DNA, it has been proposed that knockout/knockin mutants might be a valuable resource to assess the role of naturally occurring variability in the DNA flanking the engineered mutation in modulating behavior (99) .
As previously mentioned, naturally occurring genetic variants typically have a small effect on behavioral and physiological measures. Although a major reason for studying naturally occurring variants is to gain insight into the genetic architecture of how variants of small individual effect lead to phenotypic diversity, analysis of variants that only have a small effect on behavioral and physiological measures is not trivial. In order to confidently determine whether a genetic variant of small effect is linked to a phenotype, relatively large sample sizes may be required. This may be particularly true when the variant of interest is on a mixed genetic background that contains many polymorphic genes that affect the phenotype under investigation.
A final disadvantage of using naturally occurring genetic variability to examine the genetics of behavior and physiology is that studies are limited to known polymorphisms. Although the density of SNP maps is increasing daily for both humans and mice and SNP "chips" that can type 10 6 SNPs from an individual are now available, large-scale SNP identification is from a limited number of individuals (or mouse strains). In addition, other forms of genetic variability such as micro deletions, micro insertions and copy number variants are distributed throughout the genome and most certainly contribute to phenotypic diversity (100-102).
FUTURE DIRECTIONS.
One of the key challenges in genetics today is to identify the "functional" polymorphism (or polymorphisms) in a gene that is responsible for linkage to a phenotype of interest. Although in vitro studies can be used to assess the influence of an obvious candidate polymorphism, such as a non-synonymous SNP or promoter variants on protein function or expression, these studies, by themselves, do not prove a cause-effect relationship. Moreover, such studies exclude the vast majority of polymorphisms from analysis. Nonetheless, an ever increasing arsenal of methods is being developed to zero in on functional polymorphisms in the mouse (103) . These methods can be used to determine whether polymorphisms in a gene of interest, such as the nAChR subunit genes, or a polymorphism linked to these genes is responsible for the association between genotype and the phenotypes discussed in this review. However, the ultimate test of whether polymorphisms in a gene influence a phenotype is to test the polymorphisms in genetic isolation. In mice this can readily be accomplished using currently available knock-in strategies; mice can be engineered that differ genetically only for the polymorphism of interest. If the two lines of mice that are genetically identical except for a single polymorphism differ in behavior or physiology, a definitive effect of the SNP will have been established. For example, if the T529A Chrna4 SNP described in this review does, in fact, influence oral nicotine consumption, mice engineered to differ at this single SNP should show differences in nicotine consumption. The use of knock-in mice also can be used to test human polymorphisms so long as the region of the gene containing the human polymorphism is conserved between humans and mice and the phenotype of interest can be reasonably modeled in the mouse. Such mice have been made for more than one of the CHRNA4 polymorphisms that have been linked to ADNFLE (20). These mice exhibit abnormal electroencephalograms, spontaneous seizures and increased inhibitory post synaptic potentials in cortex. Based upon their findings, Klaassen et al hypothesized that the CHRNA4 ADNFLE mutations in humans cause epilepsy due to synchrony in the frontal cortex produced by interneuronal hyperactivity. These data demonstrate that approaches such as knock-in mice of naturally occurring genetic variants not only can identify functional polymorphisms but also can lead to mechanisms underlying genotype-phenotype relationships.
In many cases, the identity of the "functional" SNP or SNPs is not known. In these instances, knockin strategies are not a reasonable option. Among the SNPs discussed in this review, the CHRNA4 SNPs that are linked to nicotine dependence, alcoholism and cognition, and all of the CHRNA7 SNPs are included in this category. In mice, several strategies can be used to zero in on the functional SNP (103) . However, there are few strategies for the identification of functional SNPs in a human gene. Nonetheless, BAC (bacterial artifical chromosome) transgenic mice are an emerging approach that can be used to assess whether allelic variants of a gene lead to phenotypic differences among individuals (104) . In this method, BAC clones containing different alleles for the gene of interest are introduced into a mouse that is a null mutant for the gene of interest. These mice then would express the human versions of the gene of interest. If BAC transgenic mice carrying the different allelic variants of the human gene of interest exhibit phenotypic differences, evidence that polymorphisms in the gene do influence the phenotype of interest is provided. Subsequent studies to identify the specific "functional" polymorphism or polymorphisms within the BAC would follow.
Unfortunately, the BAC transgenic approach is not without problems. Investigators cannot control copy number, site of integration and position effects in independently generated transgenic mice. Therefore, it may be impossible to determine whether any phenotypic differences in transgenic mice that harbor different alleles of a human gene are due to the human genetic variants or unavoidable variability in copy number, integration site and position effects of the human genes. However, a more elegant approach to evaluate human genes in mice has recently been described. The strategy, termed recombinasemediated genomic replacement, allows for homologous replacement of a mouse gene with the human ortholog of interest (105) . Moreover, different alleles of the human gene can be introduced into separate mice through this method. Each human gene allele will, therefore, be present in a single copy in the same genomic location. Although this approach requires significantly greater molecular genetic expertise than does the standard BAC transgenic approach, it eliminates the problems associated with the BAC transgenic approach and should allow for the analysis of the potential effects of human polymorphisms on a phenotype of interest.
PERSPECTIVE
In summary, naturally occurring genetic variability in the nAChR subunit genes CHRNA4/Chrna4 and CHRNA7/Chrna7 in both humans and mice have been discussed. Studies to date indicate that genetic variability in these genes influences various traits including cognition, nicotine addiction and alcoholism as well as susceptibility to epilepsy, Alzheimer's, and schizophrenia. Moreover, genetic variability in these genes tends to influence similar phenotypes across the two species despite the fact that there are no common polymorphisms in the nAChR subunit genes between humans and mice. Nonetheless, further studies clearly are needed to establish whether polymorphisms in these genes or other genes linked to the nAChR subunit genes are responsible for the genotypephenotype associations.
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